We deal with the design of active noise control systems for ventilation ducts with a pair of loud-speakers based on sampleddata H ∞ optimization, in order to improve our previous study with a single loudspeaker. The resultant controller requires lower computational complexity for the implementation, compared to the standard time-varying adaptive controllers, since it is time-invariant and the order is comparable. Moreover, the effect of Swinbanks' source is automatically recovered by the H ∞ optimization. The benefit of the proposed method is also confirmed from experimental results for a real house, where the achieved noise attenuation level is about twice as much as that of the single loudspeaker case.
INTRODUCTION
Active noise cancellation (ANC) is to attenuate noise by the same sound but opposite phase. This technique has been practically used in air conditioning systems in largescale buildings, aircraft cabins, and so on [1] . However, there are many fields such as ventilation ducts for small buildings where ANC is desired but has not been applied yet because the conventional adaptive algorithms for ANC require expensive implementation.
In the previous study [2] , by assuming that temperature variation is small as in recent energy-efficient houses so that time-invariant controller can achieve sufficient performance, two types of time-invariant low-order controllers are compared: one is based on the conventional adaptive filter (the filtered-U recursive LMS algorithm) but the coefficients are fixed by the stationary values. Another is obtained by a robust control method (sampled-data H ∞ control). It has been shown that robust control design has advantage to implement inexpensive ANC system for ventilation ducts, because it gives a systematical way to design a controller which is robust against not only plant dynamics variation but also aliasing components of noise. However, further improvement of the sound attenuation is desired.
The method originally proposed by Swinbanks [3] is well known as an effective one for the improvement of the system performance, where an additional loudspeaker is attached to cancel out the upstream sound generated by a control source [4] . The method has been examined in detail under adaptive control setup [5] . However, the effect of Swinbanks' source under robust control setup has not been studied. Moreover, experimental results applied to actual ventilation systems installed in houses have not been reported.
In this paper, we examine robust control design of active noise control systems with a pair of loudspeakers in order to improve the system performance. By regarding the loudspeakers as two independent sources, a single-inputmultiple-output (SIMO) controller is also designed to be compared with Swinbanks' source. The validity of robust control design is shown by experimental results using a ventilation duct installed in a real house.
It would be worth mentioning that there have been many studies that deal with the design problem for duct active noise control systems not only in the adaptive control framework [1, 6] but also in the robust control framework [7] [8] [9] [10] under the simple duct setup, while the comparison of the adaptive and robust control with a real ventilation system has been firstly reported in [2] . Furthermore, robust control system with Swinbanks' source has not been studied yet. Figure 1 and Table 1 show the block diagram and instalments of the experimental apparatus which are the same in [2] except that SPK3 and the corresponding D/A channel are attached so that Swinbanks' source is composed of the pair of loudspeakers, SPK2 and SPK3. In addition, for simplicity of robust control design in this paper, SPK1 is used as a noise source in the modeling stage of robust control design to examine frequency response of the plant model, while in [2] actual fan noise is used. Figure 2 shows the configuration of the ventilation system installed in a two-stored real house which is also the same as in [2] . The grilles are attached to the ceiling of each floor, and the ANC system is connected between fresh-air grilles and the ventilation fan.
PROBLEM SETUP
In this paper, we examine the following cases to derive the control sources SPK2 and SPK3.
Case (a)-a single loudspeaker-by setting v(t) = 0, only SPK2 is used to generate control sound.
Case (b)-swinbanks' source [5] -by setting
SPK3 is driven to cancel out the upstream sound generated by SPK2, where d is the distance between SPK2 and SPK3, and c 0 is the sound speed.
Case (c)-an array of two loudspeakers-by setting v(t) free to u(t), SPK2 and SPK3 are driven as independent sources.
Our primal motivation is to improve the performance by using a pair of loudspeakers (cases (b) and (c)) instead of a single loudspeaker (case (a)) in the robust control framework. In Swinbanks' source, the upstream loudspeaker is driven by a downstream one in an ad hoc way by (1). Hence our second motivation is to further improve the performance by giving more freedom to the upstream loudspeaker in case (c), although it has been reported in adaptive control framework that the performance is not improved if we replace the delay in case (b) by an adaptive filter to enlarge the design freedom [5] .
In the experiments for case (b) below, (1) is approximately implemented as a real-time module of RTLinux that updates the signal v(t) at every 0.1 millisecond which is considered to be short enough to avoid aliasing effect. In addition, by letting d = 0.34 m from Figure 1 and c 0 = 344 m/s from normal temperature environment, we use τ = 1 millisecond which exactly corresponds to 10 times of the period of the real-time module mentioned above. Moreover, the cutoff frequency of HPF is determined by considering the frequency range of Swinbanks' source given as [ f 0 , 5 f 0 ], where f 0 := d/12c 0 [5] . The sampling period of controller is 1 millisecond throughout this paper.
ROBUST CONTROL DESIGN
The design procedure for case (a) is the same as in [10] . The detail of the design procedure for case (c) is omitted but it is Y. Kobayashi and H. Fujioka T to u to apply the design process of case (a).
Modeling
The plant models for 
while for case (c) G(s) is defined by
where G ab (s) means the transfer function from the signal b to the signal a. Figure 3 shows the frequency response of G(s) and corresponding nominal plant obtained by subspace-based method where the order is 85. In the figures for G zu (s) and G yu (s), two frequency response results are shown in blue and yellow curves where the former corresponds to cases (a) and (c), while the latter corresponds to case (b). On the other hand, the frequency responses for G zw (s) and G yw (s) shown in blue curves are commonly used to determine nominal plant for all the cases.
In experimental results of case (a), the phase lag becomes larger in the order of G yw , G zu , G yu , and G zw , of which order coincides with that of the distance from corresponding microphone to speaker. In case (b), remarkable change on G yu (s) is observed compared with case (a): the gain is smaller in the whole frequency range, and the phase lag becomes larger, which can be considered as the result that the distance for sound traveling from the control source to reference microphone becomes larger. This implies that the separation of control input and measured output is improved so that the better performance is expected [11] . Although such remarkable change is not observed in G zu (s), the gain is slightly larger in the middle frequency range of Swinbanks' source, which is the nature of the source reported in [5] .
In addition, in order to guarantee the closed-loop system stability against the modeling error of the nominal plant, additive uncertainty model is introduced for feedback-path transfer function. That is, for cases (a) and (b), G yu (s) is considered as
where G yu (s) is the nominal plant for G yu (s), δ(s) is normalized modeling error whose H ∞ norm is less than or equal to 1, and W(s) is a weighting function which is determined to cover the modeling error as shown in Figure 4 . Similarly, for case (c) we define
where Δ(s) is 1 × 2 normalized modeling error. Note that the common weighting function is used for all cases as
where
Controller design
According to the preparation above, sampled-data H ∞ control synthesis [12] is applied to the following digital controller design problem: find a discrete-time controller K d (z) which maximizes positive scalar α so that the following conditions hold:
(i) the closed-loop system of Figure 5 is internally stable; (ii) there exists positive scalar d such that L 2 induced norm of the closed-loop system is less than 1, where S is the sampler with sampling period h = 1 millisecond, H is the zeroth order hold, and W p (s) is a bandpass filter given by
Note that the closed-loop system gain is robustly minimized by maximizing α to improve control performance to attenuate fan noise. 
COMPARISON OF CONTROLLERS
In this section, both adaptive and robust controllers are examined, where each adaptive controller for cases (a) and (b) is determined as a fixed 100th IIR filter by using the filtered-U RLMS method (see [2] for design process in detail), while the controller for case (c) is determined as a single-input-double-output fixed 100th IIR filter by using the multiple-channel filtered-U RLMS method [6] . Figure 6 shows adaptive and robust controllers for cases (a) and (b). It can be seen that for the adaptive controllers, the peak gains at about 60, 90, and 100 Hz become smaller when Swinbanks' source is used, while the similar phenomenon has been reported in [5] . The effect of Swinbanks' source is also observed for the robust controllers shown as the flat gain characteristic within the frequency range from 80 to 400 Hz, while for the case with a single loudspeaker, relatively large peak at about 180 Hz is appeared. Figure 7 shows adaptive and robust controllers for cases (b) and (c). It can be seen for the robust controller of case (c) that Swinbanks' source characteristic is automatically obtained, since (i) the gain characteristics of both channels of the controller are similar and (ii) the phase difference is around 180 deg. Note that this fact is firstly reported in this paper. Furthermore, by examining the result in detail, advantages of robust control design with case (c) are observed. Firstly, from the gain characteristic, the controller for case (c) has relatively large peaks at about 120 and 170 Hz compared with case (b), which suggests that the flat gain characteristic of Swinbanks' source is not essential for performance improvement for actual ventilation system. Secondary, in the frequency range around 60 ∼ 400, the gain from y to v is slightly smaller than from y to u, which can be interpreted as the result of robust control design to compensate the attenuation of sound due to propagation. In contrast, it might be difficult to give such a reasonable interpretation for the adaptive controller of case (c). 
CONTROL EXPERIMENTS
In this section, robust controllers designed so far are compared by control experiments. Advances in Acoustics and Vibration Figure 8 shows time response of error microphone signal z, where the first 12.5 seconds are without control and the following 12.5 seconds are with control. The smaller sampling period (0.5 millisecond) is used for measurement to observe intersample behavior within the sampling period of the controller. It can be seen that cases (b) and (c) show better performance than case (a), while in [5] it has been reported by experimental result that the performances of cases (a) and (b) are similar. This might be caused since directional microphones are used in [5] but not used in this paper. Figure 9 shows the FFT analysis result of Figure 8 . It can be seen that the amplitude of z is reduced within 80 to 400 Hz.
It should be noted that the main frequency component of noise occurs around 100 Hz whose noise shape differs very much from the open-loop frequency response of G zw shown in Figure 3 . Therefore, it is expected that the system performance will be improved by setting the weight function W p (s) to consider the noise shape. Table 2 shows sound pressure level measured below each grille. It can be seen that the attenuation level of case (b) is about twice the level of case (a), which shows the availability of robust control design for Swinbanks' source. On the other hand, the advantage of case (c) could not be shown (i.e., the attenuation level is similar to case (b)). It is not what we expect from the design results with larger α. The reason of this phenomenon is currently under study. One may pose a conjecture that it is from the modeling error. We have considered the modeling error from the control input to the measured output, however, other modeling errors are not reflected in the design. Especially the error of the transfer function from v to z could greatly affect the experimental result of case (c). Indeed, the gain characteristic in Figure 3 shows that there is a relatively large difference between the experimental result and the nominal plant compared with the other transfer functions. Hence we are working on the improvement of the modeling for utilizing the potential advantage of the design setup in case (c), by accounting the modeling error and/or by setting the nominal plant order higher in control design. We could report the results in the future.
CONCLUSIONS
In this paper, we have examined a robust control design of active noise control systems with a pair of loudspeakers, and the validity of the design method has been shown experimentally by using a ventilation system installed in a real house. The results are summarized as follows.
(i) Firstly, by using Swinbanks' source as a pair of loudspeakers, it has been confirmed that the controller designed by robust control method has flat gain characteristic which has been reported in adaptive control literature as an advantage of using Swinbanks' source. (ii) Secondly, by considering the pair of loudspeakers as two independent actuators, it has been shown that the controller designed by robust control method is more acceptable than the one designed by adaptive control method, since the similar effect of Swinbanks' source was automatically obtained by the former design but not by the latter one. (iii) Finally, by comparing the resultant noise attenuation levels of robust controllers with both a single loudspeaker and a pair of loudspeakers, the improvement has been shown by the latter case (i.e., the attenuation level was up to 4 dB while it was up to 2 dB for the former case).
Therefore, we conclude together with the result of [2] that the robust control design is useful to implement inexpensive active noise control systems with a pair of loudspeakers for ventilation ducts.
